Isoflavonoid signal molecules from soybean (Glycine max (L.) Merr.) seed and root exudate induce the transcription of nodulation (nod) genes in Bradyrhizobium japonicum. In this study, a new compound with symbiotic activity was isolated from soybean root exudate. The isolated 2',4',4-trihydroxychalcone (isoliquiritigenin) is characterized by its strong inducing activity for the nod genes of B. japonicum. These genes are already induced at concentrations 1 order of magnitude below those required of the previously described isoflavonoid inducers genistein and daidzein. Isoliquiritigenin is also a potent inducer of glyceollin resistance in B. japonicum, which renders this bacterium insensitive to potentially bactericidal concentrations of glyceollin, the phytoalexin of G. max. No chemotactic effect of isoliquiritigenin was observed. The highly efficient induction of nod genes and glyceollin resistance by isoliquiritigenin suggests the ecological significance of this compound, although it is not a major flavonoid constituent of the soybean root exudate in quantitative terms.
Isoflavonoid signal molecules from soybean (Glycine max (L.) Merr.) seed and root exudate induce the transcription of nodulation (nod) genes in Bradyrhizobium japonicum. In this study, a new compound with symbiotic activity was isolated from soybean root exudate. The isolated 2',4',4-trihydroxychalcone (isoliquiritigenin) is characterized by its strong inducing activity for the nod genes of B. japonicum. These genes are already induced at concentrations 1 order of magnitude below those required of the previously described isoflavonoid inducers genistein and daidzein. Isoliquiritigenin is also a potent inducer of glyceollin resistance in B. japonicum, which renders this bacterium insensitive to potentially bactericidal concentrations of glyceollin, the phytoalexin of G. max. No chemotactic effect of isoliquiritigenin was observed. The highly efficient induction of nod genes and glyceollin resistance by isoliquiritigenin suggests the ecological significance of this compound, although it is not a major flavonoid constituent of the soybean root exudate in quantitative terms.
The interaction between legumes and bacteria of the genera Rhizobium and Bradyrhizobium results in the formation of nitrogen-fixing root nodules. One early event in this interaction is the induction of rhizobial nodulation genes (nod genes), which is mediated via the nodD gene product (for a review, see references 14 and 17). As a result of the nod gene induction, a nodulation factor (Nod factor) is produced by the bacterial symbiont, which in turn elicits root hair deformation, cortical cell devision, and nodule formation by the legume (32) . Besides the well-characterized flavonoid inducers in all rhizobial systems (for a review, see references 17 and 29), further inducing compounds not belonging to this class of phenolic compounds have been identified by recent work; e.g., for Bradyrhizobium japonicum, a broad spectrum of diverse inducers was characterized (4, 13) .
Analysis of soybean root exudate resulted in the identification of coumestrol and daidzein (5) . In root extracts, genistein was found in addition to daidzein and coumestrol (25) . All three compounds induce the nod genes of B. japonicum (15) .
Besides the well-established nod gene-inducing activity of the flavonoids, further effects of these compounds on the microsymbiont are of symbiotic relevance (24) . For fastgrowing rhizobia, e.g., Rhizobium meliloti (3), a chemotactic effect of flavonoids was found, while B. japonicum did not respond (13) or responded only very weakly (1) to isoflavonoids. The existence of a correlation between the nod gene-inducing and the chemotaxis-eliciting activities of the flavonoids and isoflavonoids was judged by these authors as being different for the different systems.
The list of the physiological effects of flavonoids on rhizobia is still growing, as exemplified by the discovery that the incubation of soybean-nodulating rhizobia (B. japonicum and Sinorhizobium fredii) in the presence of the isoflavone genistein or daidzein induced resistance to potentially bactericidal concentrations of glyceollin, the phytoalexin of soybean (22) . This effect of isoflavonoids was found to be independent of nodD. Experiments dealing with phytoal-* Corresponding author.
exin-containing root exudate suggest an important role of isoflavonoid-inducible glyceollin resistance for the survival of rhizobia in the rhizosphere of the soybean roots (22) .
The phytoalexin glyceollin is the final product of the pterocarpan biosynthetic pathway (9) , which includes a number of compounds with functions in B. japonicumGlycine max symbiosis. This pathway starts with simple phenolic compounds which exhibit a strong chemotactic effect and a weak nod gene-inducing effect. Daidzein, a precursor of glyceollin (9) , is a strong nod gene inducer but lacks any chemotactic activity (13) . On the basis of knowledge of intermediates in this pathway, we aimed to find out whether other compounds participate in the communication between B. japonicum and G. max. 2',4',4-Trihydroxychalcone (isoliquiritigenin) is one of these intermediates. The objective of this study was to characterize the symbiotic activities and the ecological relevance of isoliquiritigenin. This chalcone was found in a number of legumes (for a review, see reference 34). Recently, Recourt et al. (26) identified it among other flavanones and chalcones in the root exudate of Vicia sativa subsp. nigra after inoculation with Rhizobium leguminosarum bv. viciae, but isoliquiritigenin has not yet been identified in soybean root exudate.
MATERUILS AND METHODS

Synthesis of isoliquiritigenin. Preliminary experiments
were conducted with a sample of isoliquiritigenin which was kindly provided by E. Wollenweber (Darmstadt, Germany). Further experiments were performed with material synthesized in our laboratory.
Isoliquiritigenin was synthesized by aldol condensation of resacetophenone (2',4'-dihydroxyacetophenone; Sigma, Munich, Germany) and 4-hydroxybenzaldehyde (Sigma) under nitrogen (6, 20, 35 (27) . After 4 days, the filter was rinsed three times with distilled water to remove all easily water-soluble compounds and cell debris. Flavonoids were extracted with three washes of methanol. After filtration (glass fiber filter, Whatman GF/C), the crude extract was stored at -20°C in the dark. It was used for analytical studies and the preparation of isoliquiritigenin.
Preparation of soybean seed exudate. Soybean seed exudate was produced as follows. Seeds were washed and sterilized as described above for the preparation of root exudate. Seeds were then placed on sterile cellulose acetate filters moistened with MES-CaCl2 for 24 h. Flavonoid preparation was performed as described above for the root exudate.
Analytical methods. (i) HPLC. High-pressure liquid chromatography (HPLC) was performed on an RP 18 (Octadecyl) 10-,um column (250 by 4.6 mm) (Serva). The following gradient was used for the separation of isoliquiritigenin from compounds with similar retention behavior at a flow rate of 1 ml/min: 27 to 32% solvent B (acetonitrile) within 50 min; solvent A, water acidified to pH 3 with acetic acid. Eluting compounds were detected with a variable-wavelength detector at 250 or 368 nm (absorption maximum of isoliquiritigenin). For further analytical and biological studies, fractions of several HPLC runs containing the putative isoliquiritigenin were pooled and dried under vacuum. These pooled fractions will be termed the isoliquiritigenin fraction. Flavonoid compounds of the soybean root exudate which have already been described in the literature (daidzein, genistein, and coumestrol) were identified by cochromatography with authentic standards.
(ii) TLC. Thin layer chromatography (TLC) was executed on nano plates (Sil-20 UV254) (10 by 10 cm) (MachereyNagel). The best separation of the isoflavonoids was obtained with toluene-ethylacetate-methanol (70:25:5, vol/vol/ vol). TLC plates were evaluated with a Desaga CD60 densitometer (Desaga, Heidelberg, Germany), which allows UV-visible absorption spectra of single spots on TLC plates.
(iii) GC-MS. For gas chromatography-mass spectroscopy (GC-MS) analysis, a Varian 3400 in combination with an Ion Trap Detector ITD 800 (Finnigan MAT, Bremen, Germany) was used. The separation was accomplished on a DB-1 column (30 m) (J & W Scientific) with the following temperature program: 220 to 280°C at 2°C/min, after an initial delay of 1 min. The final column temperature was held for 15 min. Samples were purified by HPLC before they were analyzed by GC-MS. These purified samples were dried under vacuum and stored until derivatization over silica gel. The dry samples were taken up in 99% bis(trimethylsilyl)trifluoroacetamide-1% trimethylchlorosilane (Sigma) and incubated at 60°C for 15 h to obtain the trimethylsilyl derivatives of the flavonoids.
Biological activities of isoliquiritigenin. (i) Chemotaxis. The chemotaxis assay was performed essentially as described previously (13) . The following modifications were introduced. B. japonicum 110spc4 (28) was cultured in the complex medium 20E (33) supplemented with MES (20 mM, pH 6.5) (20E-MES). Cultures were incubated at 28°C on a rotary shaker (100 rpm). Isoliquiritigenin was tested at concentrations from 10-to 10-l M. Caffeic acid, a strong chemoattractant (13) of B. japonicum, was used as a positive control. Chemotactic activity was expressed as the chemotactic ratio (the number of bacteria attracted by the test substance divided by the number of bacteria in the buffer control).
(ii) Induction of nod genes. The assay of nod gene induction was performed according to Kape et al. (13) . The following changes were introduced. B. japonicum 110spc4 harboring plasmid pRJ458 (7) was grown in 20E-MES. Cultures were incubated at 28°C on a rotary shaker (100 rpm) for 15 h in the presence of varying concentrations of the test compounds (10-4 to 10-10 M). For nod gene induction tests with isoliquiritigenin isolated from root exudate, the culture volume was reduced to 0.5 ml. Cells were grown in 2-ml glass vials with Teflon-lined screw caps (Renner GmbH, Dannstadt, Germany).
(iii) Induction of glyceollin resistance. The glyceollin resistance induction assay was conducted as described previously (22) . In short, the rhizobial strain (here, B. japonicum llOspc4 harboring plasmid pRJ458) was cultured in a complex medium in the presence of the test compound (here, 10' M isoliquiritigenin). After 15 h, an aliquot of this culture was transferred to MES buffer (5 mM, pH 6.5) containing glyceollin (3 x 10-4 M). After 3 h of incubation in this phytoalexin solution, the appropriate dilutions were plated on 20E agar to estimate the number of surviving CFU. Glyceollin resistance is expressed as the percentage of cells that survived the incubation in glyceollin.
Comparison of the symbiotic effects of the intermediates of the pterocarpan biosynthetic pathway. nod gene induction and induction of glyceollin resistance by intermediates of the pterocarpan biosynthetic pathway and side branches of this pathway were tested together as follows. B. japonicum 110spc4 harboring pRJ458 was cultured in 20E-MES as described for the nod gene induction assay in the presence of acids are strong chemoattractants for B. japonicum, these Qspc4 harboring pRJ458. As depicted in Fig. 3 , compounds exhibit no induction of glyceollin resistance and incentration of 10 ,uM resulted in a resistance of nod genes or are only weak nod gene inducers. The chalcone ells in the test culture against a glyceollin isoliquiritigenin and the isoflavone daidzein (as well as of 300 ,uM. The degree of resistance is as high genistein on a parallel biosynthetic pathway) are strong led by genistein, the best inducer of glyceollin inducers of nod genes and glyceollin resistance, while the scribed up to now (22 isoliquiritigenin, which is better than that of the isoflavonoids.
There is one remarkable difference between the nod gene induction behavior of 4,4'-dihydroxy-2'-methoxychalcone in R. meliloti and that of isoliquiritigenin in B. japonicum. While the alfalfa chalcone produces a maximal nod gene induction which is higher than those of the other major inducers, nod gene induction by isoliquiritigenin does not reach the maximum induction levels obtained by isoflavonoids. A further similarity between the alfalfa chalcone and isoliquiritigenin in soybean in addition to the high efficiency of nod gene induction is apparent. Both chalcones are constituents of the root exudates but are not present in seed exudates (18, 24) . The biological importance of the highly effective isoliquiritigenin, which is present only in low concentrations in the I root exudate, is difficult to estimate and has to be evaluated in connection with those of other phenolic compounds with 0 1 0 2 0 3 0 40 5 0 6 0 symbiotic activity. As depicted in Fig. 3, effects reference 19) . Glyceollin resistance is expressed as the percentage of cells that survived a 3-h incubation in 300 F.M glyceollin. The chemotaxis data, except those for isoliquiritigenin, are derived from Kape et al. (13) and are expressed as the chemotactic ratio at the concentration which elicited the chemotactic peak response. n.d., not determined. (Figure 3 is taken from reference 21.) roots. By using a plate induction assay, Peters and Long (23) demonstrated that the inducers of R. meliloti nod genes are exuded from the infectible zone of the root. Graham (8) found distinct differences in the flavonoid-isoflavonoid composition of soybean seedling organs in dependence of the developmental state and the light regime. He elucidated differences in the isoflavonoid contents of individual root segments. Autofluorescence photographs of the soybean root suggest local differences in isoflavonoid concentrations (21) . The response of B. japonicum to the exuded compounds seems to be dependent on different signal-transducing systems. A chemotactic attraction is the only strong response elicited by simple phenolic acids; therefore, a separate signal transduction system has to be postulated for the chemotactic response. nod gene induction and induction of glyceollin resistance have different sets of inducers; e.g., coumestrol, a major component of the root exudate, induces nod gene activity but not glyceollin resistance. The induction of glyceollin resistance is also independent of the nodD gene product. For these reasons, different mechanisms seem to be inherent to these induction processes. The separate induction processes enable B. japonicum to respond differently to individual compounds in the bacterial environment.
The complex spatial regulation of flavonoid exudation into the rhizosphere is not static but highly dynamic. Multiple factors, e.g., the developmental state (23) pathogens which may elicit phytoalexin exudation (31), inoculation with rhizobia (26) , and abiotic factors (e.g., light [8] ) influence the root exudation. Additionally, already exuded substances are subjected to changes by biotic and abiotic factors. Rhizobial as well as legume-derived enzymes modify exuded compounds (8, 12) .
When all of its elements are taken together, the rhizosphere seems to be a highly diverse and dynamic space with complex interactions among all inhabiting organisms. The investigation of this complex system is certainly an important step toward the understanding of Rhizobium species and legume symbiosis.
